A Covalently Linked Protein at the 5'-Ends of the Genomic RNAs of
Pea Enation Mosaic Virus (Accepted 22 April 1982) SUMMARY Evidence is presented for the presence of a covalently linked protein that is attached to the 5'-ends of genomic RNA of pea enation mosaic virus (PEMV). Nuclease digestion of PEMV RNA released protein with an apparent mol. wt. of approx. 17 500. The absence of a 5'-cap and the inability to introduce [32p]phosphate into the 5'-termini of these RNAs suggests that the protein is covalently bound to PEMV RNA. Pea enation mosaic virus (PEMV) is a circulative, aphid-borne virus consisting of two nucleoprotein components containing either two or three RNAs with tool. wt. of 1-42 × 10 6, 1.15 × 106 and 0.2 × 106 (Hull & Lane, 1973) . Earlier studies of the virus genome showed that PEMV RNA replicates via double-stranded RNA intermediates (German & de Zoeten, 1975) , which are present in cell nuclei (de Zoeten et al., 1976) . Unlike many other plant virus RNAs, PEMV RNAs contain no polyadenylate sequences and cannot be aminoacylated at their 3'-termini (German et al., 1978) . Base analysis of the virus RNA (German, 1974) indicated the absence of mTG suggesting that PEMV RNAs do not contain cap structures such as those found in many eukaryotic and virus mRNAs. Some other plant viruses [e.g. cowpea mosaic virus (CPMV), tobacco ring spot virus, Southern bean mosaic virus and tobacco etch virus] lacking a cap contain a covalentty linked protein (Daubert et aL, 1978; Mayo et al., 1979; Ghosh et al., 1979; Hari, 1981) . This suggests that such an RNA-protein association may exist for PEMV. This communication presents evidence indicating that a protein ofM r 17 500 is covalently linked to PEMV genomic RNAs. / PEMV was increased in peas (Pisum sativum L. vat. '8221'), and the virus was purified by differential centrifugation and sucrose gradient centrifugation as described previously (German & de Zoeten, 1975) . CPMV and brome mosaic virus (BMV) were purified from cowpeas (Vigna sinensis Enell.) and barley (Hordeum vulgare L.) respectively. Virus RNA was isolated from preparations containing 3 to 10 mg virus per ml in 20 mM-Tris-HC1 buffer at pH 7.2 that contained 2% SDS and 20 mM-EDTA. This solution was heated at 68 °C for 5 min. The solution was extracted twice with an equal volume of buffer (10 mM-Tris-HCl pH 7.2)-saturated phenol and the aqueous phase was then extracted twice with chloroform. The aqueous phase was brought to 0.2 M-sodium acetate and 2.5 vol. 100% ethanol were added to precipitate the RNA. This preparation was stored for 20 h at --20 °C. The integrity of the RNAs was assayed by polyacrylamide gel electrophoresis (PAGE) in 2 % acrylamide-0-5 % agarose composite gels (Peacock & Dingman, 1968) . Iodinations were carried out with 0-5 mCi carrier-free NalZSI (New England Nuclear), Iodogen (Pierce Chemical Co., Rockford, I11., U.S.A.) and RNAs (CPMV, BMV and PEMV) at concentrations of 150 to 500 pg/ml in 10 mM-Tris-HC1 buffer pH 7.2. The iodinations were incubated for 30 min at 4 °C (Fraker & Speck, 1978) . Unreacted 1251 was removed by gel filtration through Sephadex G-25 equilibrated with the Tris buffer. Fractions containing radioactivity that eluted in the void volume were pooled and brought to 1% SDS and 50 mM-EDTA. These samples were then heated for 5 min at 68 °C, phenol-chloroform-extracted and ethanol-precipitated as described earlier. The precipitates were resuspended in H20 (0.1 ml) and RNA ~A0.1% 25). concentrations were determined spectrophotometrically at 260 nm ,.~ 1 cm =
Short communications
Attempts to label PEMV RNAs at their 5'-termini were initiated by first treating the RNAs with bacterial alkaline phosphatase (BAP) followed by phenol extraction and ethanol precipitation. Endonuclease (HpaII, EcoRI and BamHI)-linearized simian virus 40 (SV40) DNA (fragments ofM r 0.95 x 106, 0"5 X 106 and 2 x 106) was carried as a control in all experiments. The precipitate was resuspended as indicated for the T4 polynucleotide kinase reaction (Bethesda Research Laboratories), and 50 /~Ci [y-a2P]ATP (240 Ci/mmol, New England Nuclear) was added. Both enzymes were used according to the accompanying specifications. After gel electrophoresis of the reaction products the two expected PEMV RNA bands and the three SV40 bands were visualized under u.v. light. Fluorography of these gels showed that only the SV40 DNA fragments were labelled with 32p. All enzymes (Pronase E, BAP and polynucleotide kinase) used in this study were tested for residual RNase activity. Only those shown not to possess such activity were used.
Products of the iodination reactions were digested with ribonuclease T 1 (200 units per ~g RNA) and ribonuclease A (0.2 mg/ml) for 2 h at 37 °C in the presence of 100 #g bovine serum albumin (BSA). The nucleases used in this study had no detectable protease activity when they were mixed with coat protein and incubated overnight. For some experiments, ribonuclease-digested RNA was incubated with Pronase E (Sigma, RNase-free, self-digested for 2 h at 37 °C at 1 mg Pronase E per ml). Following various digestion treatments, the protein in the different samples (which contained 0.5 ~tg labelled CPMV RNA, BMV RNA or PEMV RNA) was precipitated in the presence of 100/lg BSA with cold 5 % trichloroacetic acid (TCA). The precipitates were collected on Whatman GF/C filters and were counted in a liquid scintillation counter. For some samples the TCA precipitates were pelleted by centrifugation at 10000 g for 5 min, and the supernatants recovered and counted.
SDS-polyacrylamide gels of proteins were run as described by Laemmli (1970) . The mol. wt. standards used were lysozyme (14400), soybean trypsin inhibitor (21500), ovalbumin (45000), BSA (66200) and phosphorylase b (92500). Autoradiography of gels was performed at -70 °C with Kodak X-Omat R X-ray films and a Kodak Lanex intensifying screen.
Electrophoresis, followed by autoradiography of all three iodinated virus RNAs, indicated that the RNAs had been labelled (not shown). The number of counts 125I incorporated per /~g RNA for CPMV RNA was usually two times higher than the number of counts incorporated in PEMV RNA, and 10 to 80 times higher than those incorporated in BMV RNA. The highest amount of radioactivity per/~g of RNA recorded after iodination for BMV RNA was 20928 ct/min. Since BMV RNA does not have a genome-linked protein we conclude that the iodination was not specific for proteins, but that RNA was also labelled. Indeed, RNase treatment rendered approx. 80% of the radioactivity in CPMV RNA and PEMV RNA and 96 % of the counts in BMV RNA TCA-soluble. When iodinated CPMV, BMV and PEMV RNAs were treated with RNase A, T~ and Pronase E, product analysis by SDS-PAGE showed a protease-sensitive band for both CPMV (M r 5000) and PEMV (M r 17 500), but not for BMV (Fig. 1 ). There were no bands that corresponded in tool. wt. to those of the coat proteins of any of the three viruses. This indicated that most, if not all, non-covalently linked protein appeared to have been removed. Labelled RNA applied to the gel without digestion with RNase remained at the origin with the simultaneous disappearance of the protease-sensitive bands. When labelled PEMV RNA and BMV RNA (2 ~g) were mixed with I/dg anti-PEMV-y-G (titre to PEMV, 256; titre to PEMV protein, 32) incubated at room temperature (4 h) followed by overnight cold storage and centrifugation for 5 h at 40000 rev/min (Spinco rotor 40), the pelleted counts in both preparations were approximately the same, suggesting that the coat protein and VPg are not serologically related. Attempts to introduce RNase; lane 7, 2 #g PEMV RNA digested with RNase; lane 8, 2 #g CPMV RNA digested with RNase followed by Pronase E digestion; lane 9, 2 ~tg PEMV RNA digested with RNase followed by Pronase digestion. The PEMV RNA used in lanes, 1, 7 and 9 and the CPMV RNA used in lanes, 3, 6 and 2 were from the same RNA preparations respectively. SV40 D N A carried as a control was labelled by this procedure, suggesting that neither a 5'-OH nor a 5'-phosphate is present at the 5'-ends of the PEMV RNAs. Since CPMV has been reported to contain a 5'-end covalently linked protein having a mol. wt. of 5000, the evidence presented argues in favour of a protein covalently linked to the genomic R N A s of PEMV with an apparent tool. wt. of 17 500. It is at present not known whether residual nucleotides (sheltered from RNase digestion) contributed to the mol. wt. of the PEMV VPg.
In conclusion, the protease-sensitive material associated with the PEMV R N A s appears to be protein that is linked to the genomic R N A s of PEMV. The protein is believed to be covalently bound because the association persisted after treatments designed to release non-covalently linked proteins. This included heating in the presence of SDS and EDTA, phenol and chloroform extraction, and heating in the presence of SDS and fl-mercaptoethanol before final analysis by S D S -P A G E . The protein entered the 12.5% gel only after complete digestion of the RNA.
It will be of interest to determine which of the R N A s encodes for this rather large VPg-type protein and to investigate the role of such proteins in virus replication.
